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(57) Abstract 

Described is a method of automatically welding pipes, comprising welding with a pulsation welding cunent and monitoring, by 
means of a sensor, the variations occuiring in the arc voltage caused by weld pool oscillations. The oocunenoe of voltage variations with 
only ftequency components below 100 Hz indicates excessive welding tfaiDugh; the occunence of voltage variations with only frequency 
components above 100 Hz indicates in sufficient welding Unougb; a wddu^g process showing proper weldii^ through is characterized by 
the occurrence of voltage variations hi two different fiequen^ pealcs. 
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Title: Welding method, and welding device for use therein, 
and method o£ analysis for evaluating welds. 

The present invention relates to a welding method in 
which a workpiece is partly melted by means of an electric 
arc. 

Such a method is well-known in practice as a method of 
5 construction and is used, inter alia, to interconnect two or 
more metal workpieces. The workpieces are placed with the 
sides to be connected in each other's vicinity and are partly 
melted along these sides by means of an electric arc. The 
pcurtly melted parts flow together to form a single weld pool; 
10 if required, material can be added to the weld pool. After 
solidification of the weld pool the mutual attachment is a 
fact. By moving the welding corc along the above sides, with 
the weld pool moving along with this arc, a welded seam is 
formed. 

15 Pn iinportant parameter which highly determines the 

quality of the welded joint formed is the degree of welding 
through* As used herein, the term "welding through", 
hereinafter also designated as "penetration", refers to the 
relative depth over which the welded seam, i.e. the molten and 

20 resolidified material, extends into the worKpiece. By way of 
illustrative exanple, it will be clear that when a butt welded 
seam is made in plate- shaped workpieces the strength of the 
weld is insxiff icient if the welded seam does not fully extend 
through the plates, and that the seam left between the plates 

25 forms a weak point in the construction formed. On the other 
hand, when during welding the weld pool formed esctends too 
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deeply into the plates, it may happen in extreme cases that 
the molten material cannot be retained by the plates. 

In the ideal case the welded seam extends exactly over 
the ftill d^th of the plates. 
5 A problan arising here is that it is difficult to 

evaluate from the side of the welding arc how far the weld 
pool extends through the material, in the case of manual 
welding the welder can visually observe the weld pool and 
derive from the obseirvation whether the welding through is 

10 sufficient or not, and in case of insufficient or excessive 
welding through he can immediately take corrective measures. 
This, however, requires a special amount of experience and 
skill, and errors are not inpossible. In case of automatic 
welding, such a visual observation and the possibility based 

15 thereon to take corrective measures are absent. 

Especially in situations in which the quality of the 
welded joint formed must satisfy high standards, it is 
therefore necessary to subsequently test the welded seam for 
welding through. If it is possible to approacdi the back of the 

20 weld, such an inspection can be carried out rather easily by 
visxial observation of this back, if required by means of a 
camera. This is not always possible, however; especially 
during welding of pipes such a method of inspection is hardly, 
if at all, possible. 

25 In order to enable the welding quality to be e x amined in 

such cases, methods of x-raying the welded seam were developed 
in the past. These methods, however, are very e:q>ensive and 
time-consuming. Often it is not even allowed to make a next 
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weld before the preceding weld has been acc^ted; such a 
waiting time means a loss of production capacity. 

It is therefore an object of the invention to provide a 
method which deals with the above dravdDacks by using the Imown 
5 per se fact that the natural frequency of oscillation of the 
weld pool reflects the degree of welding through. This known 
per se fact is described in, e.g., U.S. patent 4,711,986. It 
generally applies that the natural frequency of oscillation of 
the weld pool is relatively high when the penetration is 

10 inconplete, and that this frequency is relatively low when the 
penetration is conplete. It has been found that under normal 
conditions of practice the above frequency is above 100 Hz in 
case of incomplete penetration and is below 100 Hz in case of 
coznplete penetration. 

15 The above publication only describes a welding process in 

which welding is applied at a continuous current strength. The 
weld pool is brought into oscillation 1^ supplying pressure 
waves of a suitably selected frequency; in a specific 
embodiment this is achieved by modulating an excitation pulse 

20 on the continuous welding current. Sxabsequently, the frequency 
of oscillation of the weld pool is measured and processed, 
which enables detection of the transition from partial to 
conplete welding through. 

However, the process as described in the above 

25 publication has some drawbacks. The publication proposes to 
measure the frequency of oscillation of the weld pool Ijy means 
of light reflected by the weld pool, which, however, requires 
special conplex equipment so that the measurement described 
cannot be carried out easily by standard welding equipment. 
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Furthermore, although the process as described in the above 
publication enables the transition from partial to coniplete 
welding through to be detected during the process with time, 
it is not easy to establish vdiether the degree of welding 
5 through does not increase too much. Subsequent quality 

inspection and the possibility of optimally controlling the 
welding process automatically are thus hainpered. 

The invention also deals with these drawbacks- According 
to an inportant aspect of the invention pulsation welding is 

10 applied- As used in this art, this expression means that the 
welding current has a square waveform, which is characterized 
by two quasi staticHiary DC levels. When the welding current is 
equal to the first relatively high DC level (referred to 
hereinafter as pulsed current) , the heat input is so high that 

15 material is melting and the weld pool is growing; when the 

welding current is equal to the second relatively low DC level 
(referred to hereinafter as base current) , the heat input is 
so low that material is solidifying and the weld pool is 
shrinking. This is a known per se welding process for plate 

20 material. 

In the first place, the invention is based on the insight 
that a good welded seam is provided when during the pulsed 
current phase cortplete penetration is attained, while during 
the base current phase the weld pool shrinks to only partial 
25 penetration, and that a pulsation welding process to adiieve 
this is characterized by a relatively low frequency of 
oscillation during the pulsed current phase and a relatively 
high frequency of oscillation during the base current phase. 



5 
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In the second place, the invention is based on the 
insight that during pulsation welding the weld pool is already 
brought into oscillation automatically by means of the stepped 
transitions between the two quasi stationcoy DC levels, and 
5 that it is not necessary then to modulate excitation pulses on 
the welding current. 

In a first aspect, the invention provides a welding 
method which enables the quality of the welded seam formed to 
be rapidly determined afterwards in a relatively easy maimer. 

10 For this purpose, pulsation welding is performed, and during 
welding a signal representing the arc voltage is measured and 
stored in a memory or recorded on a carrier. After welding, 
the signals stored are analyzed to determine whether the 
degree of welding through was sufficient during the welding 

15 process. Here the criterion applies that the frequency of 
oscillation during the pulsed current phase is sufficiently 
different from the frequency of oscillation during the base 
current phase. Since such an analysis can be carried out by a 
coirputer, the result can be available very rapidly without the 

20 necessity of conplicated and expensive equipment of analysis. 
It is f uzther an inportant advantage of this method of 
analysis that the measuring signal can be simply taken from 
the power source of the welding process so that a standard 
welding torch can be used without it being necessary for the 

25 welded workpiece to be accessible for inspections, such as 
X-raying. 

In a second aspect, the invention provides a method of 
analyzing welds made by means of a pulsation welding process. 
For this purpose, a measuring signal representing the arc 
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voltage occurring during welding, which measuring signal is 
stored in a memory or recorded on a carrier, is read out of 
this memory or carrier and analyzed with respect to the 
occurrence of two peaks in the frequency spectrum. 

5 

It is further an object of the invention to provide a 
method vblth enables automatic production of welded seams of 
good quality. Based on the above insights, pulsation welding 
is performed, and during welding a signal representing the arc 
10 voltage is measured. This signal is analyzed in real time with 
respect to the occurrence of two pealcs in the frequency 
spectrum. The welding process is controlled on the basis of 
the result of this analysis. 

It is dbserved that within the scppe of the present 
15 invention the term "a signal representing the arc voltage" 
also comprises, e.g., the arc current 

Further aspects, features, and advantages of the present 
invention will become apparent from the following description 
of preferred ertbodiments of the method and device according to 
20 the invention, in which reference will be made to the 
acconpanying drawing in which: 

Fig. 1 is a diagrammatic representation of a device for 
producing and analyzing a weld; 

Figs. 2A, 2B, and 2C are diagrammatic cross- sectional 

25 views of a weld; 

Figs. 3A and 3B show the oscillation modes of the weld 
pools illustrated in Figs. 2A and 2B; 

Figs. 4A and 4B show the frequency spectra belonging to 
the oscillation modes shown in Figs. 3A and 3B; 
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Figs. 5 A and 5B show the voltage and current curves as a 
function of the time during the inplementation of a method 
according to the invention; 

Pigs. 6A-6C show different stages of a weld pool during a 
5 cycle of a method according to the invention; 

Fig. 7 shows a frequency spectrum of the oscillation of a 
weld pool during the inplementation of a method according to 
the invention; 

Fig. 8A shows the voltage and current curves as a 
10 function of the time in case of insufficient welding through; 

Fig. 8B shows a frequency spectrum of the oscillation of 
a weld pool during a welding process shown in Fig. 8A; 

Fig. 8C shows the voltage and current curves as a 
function of the time in case of excessive welding through; 
15 Fig. 8D shows a frequency spectrum of the oscillation of 

a weld pool during a welding process shown in Fig. 8C; 

Fig. 9 is a diagrammatic representation of an embodiment 
of a device according to the invention, intended for analyzing 
welds produced; 

20 Fig. 10 is a dia gramm atic representation of an embodimen t 

of a device according to the invention, intended for 

monitoring a welding process; and 

Fig. 11 is a diagrammatic representaticm of an embodiment 

of a device according to the invention, int^ded for the 
25 automatic implementation of a welding process according to the 

invention. 

Since a pulsation welding process is commonly known per 
se, this process will be esqplained cmly in brief, with 
reference to Fig. 1. Fig. 1 dia yidmiu aticcJ.ly shows a plate- 
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Shaped workpiece l, e.g. of steel, which is electrically 
connected to a first output terminal 11 of a power source 10. 
A welding electrode 2 is held in the vicinity of the plate 1, 
e.g. manually or in a welding robot. The welding electrode 2 
5 is electrically connected to a second output terminal 12 of 
the power source 10. In general, the second output terminal 12 
is negative with respect to the first output terminal 11. The 
welding electrode 2 is a non-fusing electax>de, e.g. of 
tungsten, the end of which is suitably designed and is mounted 

10 in a nozzle 3 of a welding torch 4 through which a protective 
gas 5 of a suitable composition, e.g. argon and/or helium, 
flows. In the protective gas 5 a welding arc 6 bums between 
the welding electrode 2 and the plate 1, which introduces so 
much heat into the plate 1 that a part of the plate material 

15 is melted and forms a weld pool 7. 

Since the nature and the structure of the power source 10 
and the welding torch 4 are no subject of the present 
invention and those skilled in the art do not need knowledge 
thereof for a proper understanding of the present invention, 

20 while for the application of the present invention use may be 
made of commonly known structures for that power source and 
welding torcih, these will not be described in more detail. 

When the welding electrode 2 and the plate 1 are moved 
relative to each other, the weld pool 7 will move with the 

25 welding electrode 2 along the plate 1, with a trace (bead) of 
molten and resolidified plate material 8 being left. As will 
be clear to those skilled in the art, additional material may 
be added to the weld pool by holding an end of a bar of 



wo 95/34400 ^ PCEa«L9S/00208 

9 

additional material in the vicinity of the arc, but, for 
simplicity's sake, this is not shovm in Fig. 1. 

Figs, 2A-2C diagrannnatically show tvo plates 21 aiKi 22 to 
be connected together, positioned with their sides against 
5 each other. By means of a welding electrode, not shown for 
sinplicity * s sake, a weld pool 27 is formed which extends in 
both plates 21 and 22. When the welding electrode is moved 
along the above sides, i.e. at right angles to the plane of 
the paper, the welding bead then formed will connect the two 

10 plates 21 and 22 together. In the figures the original 
contours of the plates are shown in dotted lines. 

Fig. 2A shows a situation in which the heat supplied is 
insufficient to melt the two plates 21 and 22 s\if f iciently so 
that the depth d of the weld pool 27 is less than the 

15 thickness H of the two plates 21 and 22. within the scope of 
the present invention, this situation is designated by the 
term "partial penetration". Such a weld does not provide 
optimum strength properties: in the first place, because the 
weld is thinner than the surrounding plate material and 

20 therefore intrinsically weaker than the plates, in the second 
place, because the slit 28 left underneath the weld foroas a 
notch between the plates in the welded construction, whicii 
notch, in case of alternating load, may easily lead to a 
crack. 

25 Fig. 2B shows a situation in which the heat supplied is 

just sufficient to melt the two plates 21 and 22 sufficiently 
so that the depth d of the weld pool 27 is just as large as 
the thickness H of the two plates 21 and 22. Within the scope 
of the present invention, this situation, the most favorable 
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Situation, is designated by the term "complete penetration" . 
In practice, d nay slic^tly exceed H. 

Fig. 2C shows a sitTiation in which the heat supplied 
substantially exceeds the anount of heat required for conplete 
5 penetration. Consequently, the weld pool 27 is so large that 
it is sagging by gravity and threatens to drop out of the 
plates 21, 22. The "sagged" weld shown in Fig. 2C is already 
weaker than the weld shown in Fig. 2B and is therefore 
undesirable. Moreover, if the liquid metal actually leaked out 

10 of the weld, a hole would be formed in the structure, which is 
of course quite unacc^table. It is therefore inportant to 
control the welding process in such a manner that the 
situation shown in Fig. 2C is prevented. Within the scope of 
the presmt invention, this situation is designated by the 

15 term "excessive penetration". 

It will be clear that it is not difficult to optically 
view the "sagging" weld shown in Fig. 2C from the welding arc 
side, but OTce this situation occurs during welding, its 
restoration, at least at the place in question, is no longer 

20 possible owing to a change in the welding parameters. This of 
course applies to a higher degree if the heat supply increases 
so much that a hole is burned in the structure. Nor is it 
difficult to optically establish that the situation shown in 
Fig. 2C flops not occur, but it is difficult to distinguish 

25 between the sitxiations of Figs. 2A and 2B. 

According to the invention the distinction between the 
situations of Figs. 2A and 2B can be made on the basis of the 
frequency of oscillation of the weld pool, since in the 
situations of Pigs. 2A and 2B the weld pool behaves 
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differently with respect to oscillations. This is illustrated 
in Pigs. 3A-B. 

Fig. 3A shows the extreme positions of the weld pool in 
an oscillation mode in case of partial penetraticm. It can be 
shovm that the frequency of oscillation fp (Hz) may then be 
expressed hy the equation 

/p= 5.84 U) 

Fig. 3B shows the extreme positions of the weld pool in 
an oscillation mode in case of complete penetration. It can be 
shown that the frequency of oscillation ff (Hz) may then be 
expressed by the equa tion 

» -.-1 U) 




In the above formulas: 

V • is the siirf ace tension of the liquid metal (N/m) ; 
pi is the density of the liquid metal (kg/w?) ; 
Ps is the density of the solid metal (kg/m^) ; 
H is the plate thickness (m) ; 

Dp, Df is the equivalent diameter of the weld pool (m) . 

In the case of partial penetration Dp is defined as the 
diameter of a circle the surface of vrtiich is equal to the 
surface of the weld pool, in the case of conplete penetration 
Df is defined as the diameter of a cylinder the content of 
which is equal to the content of the weld pool. 

When the values of the above quantities, as they will 
occur unter practical conditions, are filled in in formulas 
(1) and (2), it appears that fp is always above 100 Hz, while 
ff is generally even below 50 Hz. 
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This will be illustrated by means of a practical example 
of a weld in structural steel; for this naterial the following 

applies: 
Y » 1,0 N/m; 
5 Pi » 7.0 • 103 kg/m^; 
Ps » 7.5 • 10^ Kg/m^; 

At a plate thickness of H » 4 mm a heat input of about 6 kJ 
per cm weld length is typically applied, which can be obtained 
at 

10 an arc voltage v « 15 

a cuanrent strength I » 80 A (effective) , and 
a' forward velocity v « 1.2 mm/s. 

It should be considered in this regard tlat the process 
efficiency n is about equal to 60%. 

15 If the heat input is chosen relatively low so as to 

obtain partial penetration, it appears that r>p is about equal 
to 5-8 mm; from formula (1) it then follows that fp « 155 Hz. 
If, however, the heat input is chosen relatively high so as to 
obtain COTplete penetration, it appears that Df is about equal 

20 to 5.3 mm; from formula (2) it then follows that ff « 37 Hz. 

According to the invention the weld pool, due to the arc 
pressure variations resulting from the st^ed current 
variations, is brought into oscillation in the modes as 
illustrated in Fig. 3, and it is possible to measure the 

25 frequency of oscillation of the weld pool without directly 

observing the weld pool itself. As a resiUt of the oscillation 
of the weld pool, the welding arc length effectively varies at 
the same frequency. If the power source is arranged as 
electric source, so that the welding current re m a ins 
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siibstantially constant in case of arc length variations, 
welding arc length variations cause arc voltage variations. If 
the power source is arranged as voltage source, so that the 
arc voltage remains substantially constant in case of arc 
5 length variations, welding arc length variations cause welding 
current variations. These currmt and voltage variations can 
be measxired in a relatively sinple manner. 

Preferably, the power source is arranged as electric 
source, and the voltage variations are detected. As 

10 illustrated in Fig. 1, a first input terminal 31 of an arc 
voltage sensor 30 is suitably connected to the first output 
terminal 11 of the power source 10, and a second iiflE>ut 
terminal 32 of the arc voltage sensor 30 is connected to the 
second output terminal 12 of the power source 10. Preferably, 

15 the sensor 30 coitgprises a low-pass filter 33 having a cut-off 
frequency of, e.g., about 250 Hz, so as to eliminate the 
influence of high frequency noise from the power source 10. An 
output 34 of the sensor 30 is coupled to a data processor 40, 
preferably a data acquisition system on the basis of a 

20 connputer, which may suitably be provided at its ii^mt with an 
A/D converter 41. Since the data acquisition system used 
therefor is known per se and standard available and knowledge 
of its operation is not necessary for a proper understanding 
of the present invention, the data processor 40 will not be 

25 described in more detail. 

It is also possible that the output signals of the 
sensor 30 are first recorded as an intermediate step on a 
carrier, such as a magnetic tape, and that at a later stage of 
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analysis the recorded signals are read from the carrier and 
supplied to the data processor 40. 

The data processor 40 can process the stream of entering 
voltage signals directly, i.e. in real time, but it can also 
5 store the entering voltage signals in a memory 42 for later 
and/or delayed processing. 

In a first CTbodiment of the iixvention, the data 
processor 40 is cmly used to display frequency information on 
a display device 43, such as a viewing screen, for an 

10 inspector. An example of such a diagrammatic representation of 
frequency information is the frequency characteristic, shovm 
in Figs. 4A and 4B, of the voltage signals as obtained by 
means of the arrangement, shown in Fig. 1, in the sittiations 
of Fig. 2A and Fig. 2B, respectively. The diagrams of Figs. 4A 

15 and 4B horizontally show the frequency in Hz and vertically 
show the relative contribution of the frequency components in 
arbitrary units. This frequency characteristic is dbtained 
arranging the data processor 40 to implement a Fourier 
transform and represents the welding current whicdi occurred at 

20 a test weld with the following parameters: 
current strength 60 A; 

trigger pulses 300 A, 6 ms broad, repetition frequency 5 Hz; 
arc voltage 15 V; 

protective gas: heliiim 
25 forward velocity 1.2 mm/s 

weld depth attained d = 4 mm 
plate material: steel Fe360 

thickness H = 4 mm (conplete} or 6 mm (peurtial) • 
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When the diagrams of Figs. 4A and 4B are canpared with 
each other, some clear and essential differences are 
noticeable. 

In the first place, in the case of partial penetration 
5 the frequency con^onents are almost exclusively in the range 
of 150-220 H2, with peak values near 200 Hz, while in case of 
coitplete penetration the frequency components axe almost 
exclusively in the range of 30-80 Hz, with a sharp peak near 
50 Hz. This fully corresponds to the above formulas (1) and 
10 (2). 

In the second place, in the case of complete penetration 
the height of the highest peak is sxabstantially higher than 
the height of the highest peak in the case of partial 
penetration. This can be escplained by the fact that in the 
15 case of complete penetration all points of the weld pool 
surface move in phase with each other, so that effectively 
more influence is exerted on the arc length than in the case 
of partial penetration. 

20 It will be clear from the foregoing that it is quite 

possible to discriminate between partial and conplete 
penetrations on the basis of the frequency information in the 
arc voltage. As far as purposes of analysis are concerned, it 
is therefore possible to establish whether a weld made 

25 satisfies the requirements as to penetration: in fact, if 

throughout the duration of the welding process the recording 
of the arc voltage shows a frequency information corresponding 
to conplete penetration (Fig. 4B) , the weld can be accepted. 
It is difficult, however, to control the welding process on 
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the basis of this information only, i.e. to take corrective 
measures during welding in the case of deviations being found 
with respect to conplete penetration. This is in particular 
the case with roboted welding in whicih it is hardly, if at 
5 all, possible to move the welding torch a little backwcird so 
as to restore partial penetration to complete penetration. 

In a welding method according to the invention, welding 
is therefore performed with pulsating current- The principle 
of pulsation welding is illustrated in Fig, 5, which figure 

10 shows the recording of current I (Fig. 5A) and voltage V 

(Fig. 5B) in an example of the welding method according to the 
iixvention applied to a steel plate 4 mm in thickness at a 
forward velocity of 0.5 mm/s. During a first part (H) of the 
welding cycle the current is relatively high, also referred to 

15 hereinbelow as pulsed current Ih; consequently, the arc 

voltage is relatively high as well. During a second part (L) 
of the welding cycle the current is relatively low, also 
referred to hereinbelow as base current II; consequently, the 
sire voltage is relatively low as well. In the given example, 

20 the period of time tn of the first part of the cycle, also 
referred to hereinbelow as pulse duration, is about 200 ms, 
and the period of time ti. of the second part of the cycle, 
also referred to hereinbelow as base duration, is about 
800 ms. In this exanple, the pulsed current Ih is 160 A, the 

25 base current II 28 A. 

These conditions are so selected that the base current is 
insufficient to maintain a weld pool, while the pulsed current 
is more ^'^^^ sufficient to maintain a weld pool. This has the 
result that during the first part of the cycle, also referred 
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to hereinbelow as melting phase, the melting bath 7 grows, the 
pulse duration tn being so selected that at least complete 
welding through is obtained. This is illustrated in Fig. 6A, 
in which the ™Y-8imiTn extent of the weld pool 1 , as it occurs 
5 at the end of the melting phase, is designated by reference 
numeral 71. 

During the second part of the cycle, also referred to 
hereinbelow as solidification phase, the weld pool 7 shrinks 
to a size d vdxich is less than H, i.e. incomplete welding 

10 through. In this case, however, there is no question of the 
above drawbacks of incoinplete welding, since the material 
underneath the still liquid material has been liquid but has 
now solidified, so that the slit 28 is absent. This is 
illustrated in Fig. 6B, in which the minimum size of the weld 

15 pool 7, as it occurs at the end of the solidification jdiase, 
is designated by reference numeral 72, and the just solidified 
material 73 is hatched. 

In a next melting phase the weld pool 7 grows again to 
coiiC)lete welding through, as designated by reference 

20 nxraieral 74 in Fig. 6C. It is clearly indicated in this figure 
that the welding electrode 2 has meanwhile moved relative to 
the plate 1, or conversely, so that the place where complete 
welding through 74 is obtained, has moved relative to the 
preceding welding through 71 as well. 

25 The final result of the repetition of the above cycle is 

that the weld considered as a whole has a continuous character 
of sufficient depth, although a repeated solidification 
pattern 75 can be recognized therein, which, however, has no 
detrimental effect on the weld quality. 
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It has been found, as clecirly shown in Fig. 5B, that the 
transitions from Ih to II, and vice versa, are capable of 
bringing the weld pool surface into oscillation, without 
separate excitation pulses being required therefor. If the 
5 welding parameters are correctly adjusted, the weld pool, 

during each melting phase, will therefore be in the situation 
of conplete welding through illustrated in Figs. 2B and 3B, in 
which the frequency spectrum of the arc voltage will be as 
shown in Fig. 4B, while during each solidification phase the 

10 weld pool will be in the situation of partial penetration 
illustrated in Figs. 2A and 3A, in which the frequency 
spectrum of the arc voltage will be as shown in Fig. 4A. Hie 
resulting frequency spectrum relating to an integration time 
which is large relative to the current cycle is shown in 

15 Fig. 7. Two separate peaks can be clearly distinguished 

therein: a first peak at about 50 Hz relating to the melting 
phase, and a second peak at about 125 Hz relating to the 
solidification phase. 

According to the invention the frequency spectrum shown 

20 in Fig. 7 with two peaks is characteristic of a good weld, at 
least a weld having a good penetration. A weld showing 
incorrect penetration is distinguished by the occurrence of 
only one peak in the frequency spectrum, as illustrated in 
Fig. 8. Fig. 8A shows the current and voltage curves in case 

25 during the pulse duration of the current cycle only partial 
penetration occxxrs; Fig. SB shows the associate frequency 
spectrum, in which the fact that the frequency spectrum 
substantially only has components in the frequency range above 
100 Hz, usually in the form of only one essential peak, is 
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Characteristic of this situation* Fig. 8C shows the voltage 
and current curves in case even during the base duration of 
the current qycle complete penetration occurs; Fig. 8D shows 
the associate frequency spectrum, in which the fact that the 
5 frequency spectrum substantially only has components in the 
frequency a^nge below 100 Hz, usually in the foroa of only one 
essential peak, is chsuracteristic of this situation. In this 
situation there is an enormous risk of a sagging weld or even 
melting through. 

10 The data of Fig. 8 have been obtained from the same test 

weld as that of Fig. 5, with the understanding that the data 
of Figs. 8A-B were obtained at the begiiming of the welding 
process when the plate 1 was still cold, while the data of 
Figs. 8C-D were obtained when the plate 1 had been 

15 considerably heated after some time. The data of Fig. 5 were 
obtained in an intermediate time phase. 

Fig. 9 illustrates a first attoodiment of a welding 
process according to the invention, in which the same or 

20 conparable parts as in Fig. 1 are designated by the same 

reference numerals. Welding takes place by means of a power * 
source 10 arranged to supply a pulsation welding current. In 
this case the manufacture of a weld can be fully trusted to a' 
welder (or welding robot) , but during welding a signal 

25 representing the arc voltage is measured by means of the 
sensor 30 and is recorded by means of a recorder 44 on a 
magnetic tape 45. 

Fig. 9 further illustrates a method of analyzing the 
welds made. When the weld is ready, the magnetic tape 45 is 
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read by means of a reader 46, and the signals read are input 
to a data processor 40. The data processor 40 is arranged, hy 
way of exaxtple, to carry out a Fourier transform on the 
signals received and to display the frequency spectrum of the 
5 arc voltage signals on a display 43. An inspector evaluates 
the frequency spectrum displayed, and on the basis of the 
d^ree of welding through determined by means of the frequency 
characteristic, i.e. the occurrence or non- occurrence of two 
peaks in the frequency spectrum the inspector accepts or 
10 rejects the weld made. 

An advantage of recording the arc voltage signals is that 
these signals can be stored for a longer period of time so as 
to enable, e.g., supervision of the inspector or reexamination 
of the weld. 

15 It is observed that the recorder 44 and the reader 46 can 

be integrated into a recorder /reader. 

Fig. 10 illustrates a second embodiment of the method and 
device according to the invmtion intended to be used in 

20 manual welding, in which during the welding process the welder 
is provided with a signal relative to the degree of welding 
through. !Ehe output signals of the sensor 30 are presented in 
a siitple data processor 50 to two band-pass filters 51 and 52, 
the first band-pass filter 51 having a pass band of about 

25 100-250 Hz, and the second band-pass filter 52 having a pass 
band of about 20-100 Hz. It will be clear that instead of the 
first band-pass filter 51 a high-pass filter having a turnover 
frequency at 100 Hz may be used as well if the sensor 30, as 
observed above, is provided with a low-pass filter 33 having a 
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ttimover frequency of about 250 Hz» It is further possible 
that the sensor 30 is an integrated part of the data 
processor 50 « 

The output signals of the filters 51, 52 are presented to 
5 rectifiers 53, 54, respectively. The rectifiers 53, 54 thus 
provide an output signal the voltage level of which is 
representative of the presence of arc voltage variations 
having frequencies in the range of 100-250 Hz and 20-100 Hz, 
respectively. These DC signcils can be evaluated by a canputer, 

10 but in the siitrple structural variant shown in Fig. 10 the 

output signals of the rectifiers 53, 54 are presented to first 
inputs 57, 58 of cOTparators 55, 56, respectively. The 
conparators 55, 56 have two ii5)uts 59, 60, to whicJh adjustable 
reference voltages or threshold voltages are presented. Each 

15 coitparator 55, 56 provides at its output 61, 62 a high signal 
when the voltage received at the first input 57, 58 is higher 
than the threshold voltage and a low signal when the voltage 
received at the first input 57, 58 is lower than the threshold 
voltage. 

20 The outputs 61, 62 of the comparators 55, 56 are coupled 

to control inputs 63, 64 of a sound signal generator 65 which 
is arranged to give the welder, by means of a headphone 66, 
three different sound signals: 

a first sound signal, e.g. a signal having a relatively low 
25 frequency when at the first control input a high signal and at 
the second ccxitrol input a low signal is received, as a sign 
that the penetration is incomplete; 

a second sound signal, e.g. a signal having a relatively high 
frequency vftien at the first control iirput a low signal and at 
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the second control input a liigh signal is received, as a sign 
that the penetiration is excessive; 

a third sound signal, e.g. a signal having an alternating 
frequency and a relatively low sound intensity when at both 
5 the first control input and the second control input a high 
signal is received, as a sign that the penetration is just 
sufficient. 

It will be clear that the nature of the three different 
sound signals is not relevant and may be adjusted, if desired, 
10 by the welder at this own discretion. 

The embodiment shown in Fig. 10 provides the welder, in a 
very simple manner, with information about the degree of 
welding through, and on the basis of the information received 
the welder, using his own craftsmanship, can suitably change 
15 the welding parameters to arrive at an optimum weld. 

It is observed that instead of filtering the entering 
signals the processor could also be arranged to siobject these 
signails to a Fourier transform. 

It is f iirther observed that the voltage signals may also 
20 be recorded to enable sxibseguent use of the analysis/control 
method according to the invention discussed with reference to 
Fig. 9. 

Fig. 11 illustrates a fxirther structural variant of the 
25 present invention with which it is possible to automatically 
produce welds with a proper welding through, which method 
particularly enables pipes to be automatically welded 
together. For this reason the automatic welding device 80 
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illustrated in Fig. 11 is ccaasidered to be the most important 
use of the invention • 

The autorratic welding device 80 illustrated in Fig. 11 
conprises a welding robot 81 which is arranged to move, under 
5 control of a control member 82, the welding electrode 2 at a 
predetermined forward velocity v along a seam to be welded in 
a workpiece 1, shown in Fig. 11 as being a pipe, in a variant, 
the welding rdbot 81 is arranged to move the workpiece 1 along 
the electrode 2, which may then be kept stationary. Sucdi a 

10 welding rdbot 81 is known per se in practice, and details of 
its structure and of the mechanism for following the seam to 
be welded do not form part of the present invention. Since, 
moreover, those skilled in the art do not require knowledge of 
these details for a proper understanding of the present 

15 invention, the welding rdbot 81 will not be described herein 
in more detail. It suffices to observe that, conventionally, 
the control meniber 82 is arranged to move the welding rdbot 81 
at a preadjustable forward velocity. 

The automatic welding device 80 further comprises a power 

20 source 10 which, as already discussed above, is arranged to 
supply a pulsation welding current and has a first output 11 
for coupling to the pipe 1 and a second output 12 for coupling 
to the welding electrode 2. The power source 10 further has a 
control input 13 for receiving control signauLs, as will be 

25 explained in more detail. 

The automatic welding device 80 further comprises a 
welding sensor 30 the inputs 31 and 32 of which are coupled to 
the outputs 11 and 12 of the power source 10 for measuring a 
signal representing the arc voltage, as already discussed with 
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reference to Fig. i. An output signal of the sensor 30 is 
presented to a data processor 83 which also functions as 
central control unit. The data processor 83 has a first 
control output 84 coupled to the control inpat 13 of the power 
5 source 10 and a second control output 85 coupled to the 

control input 86 of the control member 82. It is observed that 
the data processor 83 and the control member 82 may form one 
whole, in which case the second control output 85 and the 
control input 86 are omitted. 

10 The data processor 83 is arranged to continuously monitor 

the degree of welding through of the weld made, on the basis 
of the frequency characteristic of the signals received from 
the sensor 30. For this purpose the data processor 83 may be 
arranged, e.g., to filter the signals received from the 

15 sensor 30 in a manner as discussed with reference to Fig- 10, 
or to carry out in real time a Fourier transform on the 
signals received from the sensor 30. In order to control the 
welding process, the data processor 83 is arranged to 
distinguish between the following three situations which may 

20 occur: 

(1) The situation in whicih the detected frequency 
characteristic ccmprises two different frequency peaks 
indicative of the occurrence of sufficient welding through 
25 during the pulse phase und sufficient solidification during 
the solidification phase, as discussed with reference to 
Figs. 5-7. The data processor 83 is arranged not to correct 
the welding parameters in this case. 
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(2) The situation in which the detected frequency- 
characteristic comprises only one fr«juency peak, namely in a 
frequency range above 100 Hz, indicative of the occurrence of 
insufficient welding through during the pulse phase, as 

5 discussed with reference to Figs, 8A and 8B, The data 

processor 83 is arranged to change the welding parameters in 
this case to effect a larger heat ixiput. 

(3) The situation in which the detected frequency 

10 characteristic comprises only one frequency peak, namely in a 
frequency range below 100 Hz, indicative of the occurrence of 
excessive welding through, as discussed with ref ermce to 
Figs. 8C and 8D. The data processor 83 is arranged to change 
the welding parameters in this case to effect a reduced heat 

15 input. 

The change in the heat ixspat may take place in different 
ways, namely by transmitting suitable control signals to the 
power source 10 and/or the control meiriber 82, as will be clear 
20 to those skilled in the art. By way of example, it is 

mentioned here that in order to effect a larger heat input the 
data processor 83 may be arranged to transmit, via its first 
control output 84, a control signal to the power source 10 to 
adjust: 

25 a higher base current and/or 
a higher pulsed current and/or 
a longer pulse duration, 

and/or to transmit, via its second control output 85, a 
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control signal to the control member 82 to adjust a lower 
forward velocity. 

It is of course possible that one user prefers another 
welding parameter change than another user, in which 
5 connection the position of the weld and the material of the 
worKpiece may be relevant. Preferably, therefore, the data 
processor 83 is provided with a selector switch, not shown for 
simplicity's sake, with which the user can select the welding 
parameter (s) to be changed. 

10 It is observed that the above situations (2) and (3) axe 

error situations that must be avoided, and that the data 
processor 83 will aim at always maintaining situation (1) . 
Consequently, the data processor 83 is arranged not only to 
make corrections when the above situations (2) and (3) occur, 

15 but also to make corrections once it is detected that one of 
those situations threatens to develop. Such a development can 
be detected, e.g., as the reduction of the relative 
contribution to one of the two frequency peaks in the 
situation (1) . 

20 

It is further observed that the above-mentioned limit of 
100 Hz is a limit observed under practical conditions for 
different welding materials. It is not deemed impossible, 
however, that in a given specific case the above limit is at 
25 another frequency. The fact, however, will then always be that 
the occurrence of excessive welding through is characterized 
by the occurrence of weld pool oscillations at frequencies 
only in a first relatively low frequency range, and that the 
occurrence of insufficient welding through is characterized Tory 
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the occurrence of weld pool oscillations at frequencies only 
in a second relatively Mgh frequency range, the second 
frequency range being properly distinguishable from the first 
frequency range, usually by a factor of 2 . It will be clear to 
5 those skilled in the art that it is possible to determine the 
actually occurring frequency ranges by way of experiment and 
to. input a suitable limit frequenqy to the data processor 83. 

Preferably, however, the data processor 83 is self • 
learning, i.e. arranged to determine in a learning mode, by 

10 means of test welding on a workpiece, the frequency 

characteristic of weld pool oscillations at the time of 
insufficient welding through and to store it in a memory, and 
further to determine the frequency cdiaracteristic of weld pool 
oscillations at the time of excessive welding through and to 

15 store it in a memory. In an operation mode the data 

processor 83 may then conpare the frequency characteristic of 
the signals received from the sensor 30 with the frequency 
characteristics stored in the memory. 

20 It will be clear to those skilled in the art that it is 

possible to change or modify the given embodiment of the 
device according to the invention, without departing from he 
inventive concept or the scope of protection. Thus, for 
instance, it is possible that the invention is used in 

25 pulsating plasma welding. It is also possible, if desired, 
e.g. when the danping of the oscillations is relatively 
strong, to support the oscillations during the base current 
phase and/or during the pulsed current phase by superposing 
trigger pulses on the welding current. 
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CLAIMS 

1. A welding method, conprising partly melting a workpiece 
by means of an electric arc, performing pulsation welding, 
measxiring a signal representing tlie arc voltage during 
welding, and storing the measured signal in a memory or 

5 recording it on a carrier. 

2 . A welding method, comprising partly melting a worlcpiece 
by means of an electric arc, performing pulsation welding, 
measuring a signal representing the arc voltage during 

10 welding, and generating, on the basis of the form of the 

frequency spectrum of said signal, a signal indicative of the 
degree of welding through. 

3. A welding method according to claim 2, wherein the 
15 generated signal is a sound signal. 

4. A welding method according to claim 2 or 3, wherein the 
measured signal is also stored in a memory or recorded on a 
carrier. 

20 

5. A method of analyzing welds made by means of a pulsation 
welding process according to claim 1 or 4, wherein the 
measuring signal representing the arc voltage, which is stored 
in said memory or recorded on said carrier, is read out of 

25 said manory or said carrier and is analyzed with respect to 
the frequency spectrum thereof. 
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6. A metliod of analysis according to claim 5, wherein a 
weld (portion) to be tested is rejected if the frequenqy 
spectrum has only one relevant peak and is accepted if the 
fregumcy spectrum comprises two relevant peaks « 

5 

7. A method of analysis according to claim 6, wherein the 
two relevant peaks in the frequency spectnan are on both sides 
of 100 Hz. 



10 8. A welding method, comprising partly melting a worlqpiece 
by means of an electric arc, performing pulsation welding, 
measuring a signal representing the arc voltage during 
welding, analyzing said signal in real time with respect to 
the frequency spectrum, and controlling the welding process on 

15 the basis thereof. 



9. A welding method according to clcdm 8, wherein, if the 
frequency spectrum has only one relevant peak at a relatively 
low frequenqy range, the heat input of the welding process is 

20 reduced, and wherein, if the frequency spectrum has only one 
relevant peak at a relatively high frequency range, the heat 
input of the welding process is increased. 

10. A welding method according to claim 9, wherein the 

.25 change in the heat input is effected by changing the forward 
velocity and/or by changing the base current and/or by 
changing the pulsed current and/or by changing the pulse 
duration. 
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11. A device for making welds, ccsrprising: 
a power source (10) arranged to supply a pulsation welding 
current with a first output terminal (11) for connection to a 
workpiece (1) to be welded and a second output terodnal (12) 
5 for connection to a welding electrode (2) ; 

an arc voltage sensor (30) with a first input terminal (31) 
intended to be connected to the first output terminal (11) of 
the power source (10) , and a second input terminal (32) 
intended to be connected to the second output terminal (12) of 
10 the power source (10) , and an output terminal (34) for 
supplying signals indicative of the voltage variations 
occurring during the welding process as a result of weld pool 
oscillations. 

15 12. A device according to claim 11, wherein the output 

terminal (34) of the arc voltage sensor (30) is coupled to an 
input of a magnetic tape recorder (44) . 

13. A device for analyzing welds, comprising: 
20 a magnetic tape reader (46) ; and 

a data processort (40) for receiving the signals read by the 
magnetic tape reader (46) . 

14. A device according to claim 13, wherein the data 

25 processor (40) is cirranged to carry out a Fourier transform on 
the signals received, and to display the frequency spectrum of 
the arc voltage signals on a display (43) . 
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15. A device according to claim 11, wherein the output 
terminal (34) of the arc voltage sensor (30) is coupled to an 
input of a data processor (50) , 

conprising: 

5 two band-pass filters (51, 52) , the first band-pass 

filter (51) having a pass band of about 100-250 Hz, and the 
second band-pass filter (52) having a pass band of about 
20-100 Hz; 

rectifiers (53, 54) coupled to the outputs of the filters 
10 (51, 52); 

first iiiputs (57, 58) of comparators (55, 56) coupled to the 
outputs of the rectifiers (53, 54); 

second inputs (59, 60) of the comparators (55, 56), to which 
adjustable reference voltages or threshold voltages are 

15 presented; and 

control inputs (63, 64) of a sound signal generator (65) 
coupled to the outputs (61, 62) of the comparators (55, 56), 
said generator being arranged to give three different sound 
signals by means of a headphone (66) in dependence on the 

20 conditions of the control inputs (63, 64). 

16. An automatic welding device (80), comprising: 

a welding robot (81) arranged to move, under control of a 
control member (82) , a welding electrode (2) and a seam to be 
25 welded in a worlcpiece (1) , e.g. a pipe, relative to each other 
at a predetennined forward velocity; 

a power source (10) arranged to supply a pulsation welding 
current, provided with a first output (11) for coupling to the 
workpiece (1) and a second output (12) for coupling to the 



WO9SO4400 32 PCT/rai>Sm0208 

welding electrode (2), and further provided with a control 
input (13) for receiving control signals; 

an arc voltage sensor (30) having a first ii5>ut ter m inal (30) 
coupled to the first output terminal (11) of the power 
5 source (10), a second input terminal (32) coupled to the 
second output terminal (12) of the power source (10) , and an 
output terminal (34) for supplying signals indicative of the 
voltage vcuriations occurring during the welding process as a 
result of weld pool oscillations; 
10 a data processor (83) coupled to the output terminal (34) of 
the arc voltage sensor (30) ; 

said data processor (83) having a first control output (84) 
coupled to the control input (13) of the power source (10) , 
and a second control output (85) coupled to a control 
15 input (86) of the control member (82) . 

17. An automatic welding device according to claim 16, 
wherein the data processor (83) is arranged to carry out a 
Fourier transform in real time on the signals received from 

20 the sensor (30) . 

18. An automatic welding device according to claim 16, 
wherein the data processor (83) is provided with: 

two band-pass filters (51, 52), the first band-pass 
25 filter (51) having a pass band of about 100-250 Hz, and the 
second band-pass filter (52) having a pass band of about 
20-100 Hz; 

rectifiers (53, 54) cou5)led to the outputs of the filters 
(51, 52); and 



wo 9504400 



33 



PCT/NI^00208 



first inputs (57, 58) of coinparators (55, 56) coupled to the 
outputs of the rectifiers (53, 54); 

adjustable reference voltages or threshold voltages being 
applied to second inputs (59, 60) of the comparators (55, 56) . 

5 

19. An automatic welding device according to any of claims 
16-18, wherein the data processor (83) is arranged to change, 
by means of suitable control signals at the control 

output (84) and/or the control output (85) , the heat input of 
10 the welding process in response to the characteristic of the 
signals received from the sensor (30) . 

20. An automatic welding device according to claim 19, 
wherein the data processor (83) is provided with a selector 

15 switch which enables the user to select the welding 
parameter (s) to be changed. 

21. An automatic welding device according to any of claims 
16-20, vAierein the data processor (83) is arranged to 

20 determine, in a learning mode, the frequency characteristic of 
weld pool oscillations at the time of insufficient welding 
through and to store it in a memory, and further to determine 
the frequency ciharacteristic of weld pool oscillations at the 
time of excessive welding through and to store it in a memory, 

25 and to sxibsequently coirtpare, in an operation mode, the 
frequency chaaracteristic of the signals received from the 
sensor (30) with the frequency characteristics stored in the 
memory. 
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22* A device according to any of claims 11-21, wherein the 
sensor (30) conrprises a low-pass filter (33) having a cut-off 
frequency of, e.g., about 250 Hz. 

5 23. A device according to any of claims 11-22, wherein the 
power source (10) is arranged to additionally superpose 
trigger pulses on the welding current during the base current 
phase and/or during the pulsed current phase. 
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